Background: Ticks may transmit a large variety of pathogens, which cause illnesses in animals and humans, commonly referred to as to tick-borne diseases (TBDs). The incidence of human TBDs in Italy is underestimated because of poor surveillance and the scant amount of studies available. Methods: Samples (n = 561) were collected from humans in four main geographical areas of Italy (i.e., northwestern, northeastern, southern Italy, and Sicily), which represent a variety of environments. After being morphologically identified, ticks were molecularly tested with selected protocols for the presence of pathogens of the genera Rickettsia, Babesia, Theileria, Candidatus Neoehrlichia mikurensis, Borrelia and Anaplasma.
Background
Ticks are amongst the most important arthropod parasites of animals and display a worldwide distribution, being adapted to different environments and climates and host species [1] . Hard ticks (order Ixodida, family Ixodidae) represent the most diverse group, occurring in tropical, temperate and even arctic regions [2] . Their medical and veterinary importance is mostly due to their great capacity of transmitting viral, bacterial, protozoan and helminthic infections to animals, which may cause a diverse range of affections, commonly referred to as tick-borne diseases (TBDs). Importantly, zoonotic TBDs (e.g., anaplasmosis, babesiosis, borreliosis, rickettsioses and tick-borne encephalitis) may be associated with both domestic and wild animals, with a high risk of acquiring infections for humans frequenting tick-infested areas, such as forests, meadow habitats and grasslands [1, 3, 4] .
In spite of the availability of several chemical options for tick control, especially for companion animals and livestock, the incidence of human TBDs is increasing worldwide [1, 5] . For example, cases of Lyme borreliosis by Borrelia burgdorferi sensu lato are on the rise in the United States, and are related to the occurrence of its competent vector Ixodes scapularis. In Europe there is an estimated average of 85,000 cases per year [6] . The development of molecular tools (e.g., reverse-line blotting hybridization, pyrosequencing and next generation sequencing), has refined the current understanding of the distribution of TBDs and the role of certain tick species as vectors of these pathogens [1] . Importantly, the immediate removal of an attached tick, referral to a qualified physician and tick identification in specialized laboratories, is pivotal to prompt the diagnosis and the treatment of any TBDs. In addition, the set-up of surveillance programs is required for understanding the risks of transmission of specific infections in certain areas [1] .
With about 40 species [7], the tick fauna in Italy is one of the most diverse across Europe, with more species than countries such as Portugal [8] and the United Kingdom [9, 10] . For example, a recent study confirmed a high species richness and abundance of free-living ticks in southern Italy, with up to nine species (i.e., Dermacentor marginatus, Haemaphysalis concinna, Haemaphysalis inermis, Haemaphysalis parva, Haemaphysalis sulcata, Hyalomma marginatum, Ixodes ricinus, Rhipicephalus bursa and Rhipicephalus turanicus) collected in a single forested area [11] . Conversely, the species richness in the environment is lower in central and northern Italy where I. ricinus is the most prevalent species [12] [13] [14] .
The incidence of TBDs in humans in Italy is underestimated because of low rates of notification of cases and scant studies focussing on the detection of pathogens in ticks collected from humans (e.g., ref. [15] ). Accordingly, the limited data on ticks, and their associated pathogens infecting humans in Italy may impair the understanding of the risk for TBDs in this country. This aspect is particularly important considering that the Italian peninsula has a great vocation for tourism, mostly during the spring and summer months, which constitute the high-risk period for tick infestation in some areas.
Therefore, the present study aimed to identify the species of ticks removed from humans living in northern, southern and insular Italy, and to molecularly detect associated pathogens.
Methods

Tick collection and identification
Ticks were collected from humans at different time points, from 1995 to 2011, in northwestern (Savona, Liguria region; site 1), northeastern (Trentino-Alto Adige, Veneto and Friuli Venezia Giulia regions; site 2), southern Italy (Apulia and Basilicata regions; site 3) and Sicily island (site 4) ( Figure 1 ). These sites included four main geographical areas of Italy, representing a variety of natural environments. Most of the inland northern areas are featured by a continental humid climate, whereas the coastal areas of the Liguria region and most of the peninsula are characterized by a Mediterranean temperate climate, with mild winters and hot summers [2, 4, 7] .
All specimens were placed in vials containing 70% ethanol and sent to the laboratories of the Department of Veterinary Medicine of the University of Bari (i.e., ticks from site 3 and 4), University of Milano (i.e., ticks from site 1) and to the Istituto Zooprofilattico Sperimentale delle Venezie (i.e., ticks from site 2). Species identification was performed using taxonomic keys appropriate for each developmental stage (i.e., larvae, nymphs, females, and males) [7, 15] . 
Amplification of pathogen DNA
All ticks were tested for the presence of pathogens of the genera Rickettsia, Babesia, Theileria as well as of Candidatus Neoehrlichia mikurensis. In addition, Ixodes ticks were screened for B. burgdorferi s.l. and Anaplasma phagocytophilum.
DNA was extracted from individual adults, nymphs or larvae, using the All Prep DNA/RNA mini Kit (Qiagen, Inc., Valencia, CA), according to the manufacturer's instructions, and then frozen at -20°C.
Target genes, primers and probes used, along with the methodologies employed for testing each pathogen, are listed in Table 1 . Pathogen identity was confirmed by sequencing each amplicon, using a 16-capillary ABI PRISM 3130 × l Genetic Analyzer (Applied Biosystem, Foster City, CA, USA). Sequence data were assembled and edited with SeqScape software v 2.5 (Applied Biosystem, Foster City, CA, USA), aligned and finally compared with representative sequences available in GenBank.
Statistical analysis
The difference in prevalence of different tick and pathogen species, according to their provenance and tick life stages were tested using the chi-square test and the Fisher's exact test, when appropriate. GraphPad statistical software (GraphPad Software, Inc.; www.graphpad.com/ quickcalcs/contingency1/) was used. Differences were considered significant at p < 0.05.
Ethics statement
Following the patients' informed consent, ticks were collected by physicians working at the first aid guard and sent, for diagnostic purposes, to the reference laboratories (see above). As this study was based on tick identification 
Results
In total, 561 ticks were identified, including 16 species belonging to the genera Argas, Dermacentor, Haemaphysalis, Hyalomma, Ixodes and Rhipicephalus ( Table 2 ). The tick species most commonly retrieved were I. ricinus (59.5%), followed by Rh. sanguineus s.l. (21.4%), H. lusitanicum (5%) and D. marginatus (4.5%) ( Table 2 ). The life stage most frequently collected were nymphs (41%) and females (34.6%), followed by males (13.4%) and larvae (8.4%) ( Table 3 ).
The overall positivity of samples to any pathogen was 18%, with prevalence rates ranging from 9.4% in northeastern Italy to 21.4%, 20.9% and 14.5% in northwestern, southern Italy and Sicily, respectively. The ixodid species most frequently positive for any pathogen was D. marginatus (48%), followed by I. ricinus (21%), Rh. sanguineus s.l. (10.8%) and H. lusitanicum (3.7%) ( Table 2 ). Also Rh. turanicus ticks were infected (28.6%), but only seven specimens were collected and tested.
A Tick-borne pathogens were detected in adult specimens of each ixodid species herein identified, with the exception of I. ricinus nymphs and larvae. In particular, I. ricinus larvae were infected by R. monacensis. Higher tick species variability was found in sites 3 and 4 compared to the northern regions, where, in contrast, ticks carried a larger number of pathogens (Table 5 ).
Discussion
Results of this study indicate that people living in the Italian peninsula are at risk of being bitten by different tick species, which may transmit a plethora of microorganisms. The chance of coming into contact with infected ticks is largely dependent upon the environment and the presence of appropriate hosts, and on whether the ticks or the vertebrate hosts act as reservoirs of the infection [26] . In countries like Italy, characterized by a variety of ecological and climatic characteristics, as well as different regional human habits, the distribution pattern of human TBDs varies greatly from north to south [27] . However, the large number of ticks collected from Sicily and northwestern Italy, compared to the other sampling sites, is most likely due to the convenience sample size here examined. For example, finding I. ricinus and Rh. sanguineus s.l. as the species most frequently detected on humans in northern and southern Italy, respectively, is not surprising. Indeed, I. ricinus ticks show a high affiliation to woodland areas of north-eastern and northwestern Italy, where this species finds optimal conditions, in terms of temperature (i.e., 20-23°C) and relative humidity (i.e., 85-98%) for its development [28, 29] . Conversely, Rh. sanguineus s.l. develops at higher temperatures (e.g., 20-35°C) and variable relative humidity (e.g., 35-95%) [30] . Although the latter species feeds preferentially on dogs, it can also feed readily on people [31] . Moreover, A. reflexus, Rh. turanicus, H. lusitanicum, H. marginatum and D. marginatus have been reported on humans, displaying an anthropophilic feeding behaviour, in the absence of their main vertebrate host [26, 32, 33] . In contrast, the occurrence of other ixodids on humans ( Table 2) is unlikely. Indeed, differently from hunting ticks (e.g., Hyalomma spp.), which actively seek for their hosts in the environment, Ixodes and Haemaphysalis species adopt an ambush strategy, waiting on a blade of grass, leaves or shrubs for animals to pass by, attaching upon contact with the host [34] . In addition, although some tick species display a strict host specialization, most ticks are generalists [35] and may therefore parasitize a range of different hosts, including humans. In spite of their small size, the majority of ticks removed in the present study were nymphs (41%), which may be easily overlooked [7, 36] . This data is of interest considering that, in other studies [37] , only adults were collected from humans and molecularly processed for pathogens. In addition, the detection of R. monacensis in I. ricinus larvae, not only suggests its vertical transmission, but also indicates their potential role as vectors for this pathogen.
The incidence of human TBDs increased in Italy over the last decade, with 4,604 clinical cases and 33 deaths documented by the Ministry of Health in the period 1998-2002, mainly in southern and insular regions [38, 39] . In particular, R. monacensis was confirmed to be widespread throughout the country, mainly in association with I. ricinus [40] . This bacterium, isolated for the first time in Germany in 2002 [41] , is a spotted fever group (SFG) rickettsia, highly prevalent throughout Europe, with rates of infections in Ixodes spp. reaching 34.6% in some areas [40] . This pathogen has been detected in ticks from northern Italy [14, 42] , with a lower estimated prevalence (i.e., 3.7-4.5%) in I. ricinus as compared to the present findings. Importantly, the detection of R. monacensis in D. marginatus represents a new tick-pathogen association. In spite of the large prevalence of this rickettsia throughout Italy, its pathogenicity is still poorly defined, being referred to as a Mediterranean spotted fever (MSF)-like rickettsia [43] , inducing fever, general discomfort, headache, joint pain and erythematous rashes at the site of the tick bite.
The detection of R. massiliae in Rh. sanguineus s.l. and Rh. turanicus from Sicily is in line with data from other Mediterranean countries, including Italy, where the pathogen was found in the same tick species [39] . In addition to fever, acute vision loss, pruritic rash, and tache noire, R. massiliae infection may result in eschars on the scalp and neck and lymphadenopathy. This clinical presentation is similar to that caused by R. slovaca and R. raoultii infections, which are the most prevalent causative agents of tick-borne rickettsioses in Europe after MSF [44, 45] . The finding of R. slovaca and R. raoultii in D. marginatus detached from human patients in southern Italy (i.e., site 3) is consistent with a previous report in ticks from wild boars in Tuscany (central Italy) [46] and, for R. slovaca only, in Sicily [47] . The latter confirms the risk posed by this pathogen to humans living on this island, where cases of tick-borne lymphadenopathy syndrome have been recently diagnosed [48] . Finally, R. slovaca DNA has been herein amplified for the first time in the only positive specimen of Rh. sanguineus s.l. from northwestern Italy. In addition, R. helvetica DNA was detected in I. ricinus, thus corroborating previous data, reporting a prevalence of the infection in Ixodes spp. ranging from 1.5% to 50% [13, 14, 42] . The presence of this SFG rickettsia in northern Italy has been suspected since 2004, when three cases of a mild form of rickettsiosis were serologically attributed to R. helvetica [49] . Moreover, the pathogen has been detected in Ixodes ventalloi, a species usually associated with birds in southern Italy, thus raising questions on the role of this tick species as a vector for it [50, 51] . Accordingly, birds may play an important role in the maintenance and dissemination of R. helvetica in endemic areas [52] . Rickettsia aeschlimannii, a species first isolated from H. marginatum from Morocco [53] , and then in a patient returning to France from the same country with a MSF-like illness [54] , has been detected so far in Hyalomma ticks worldwide [55] . For the Mediterranean area, this bacterium has been found in Hyalomma ticks from Corsica, with an average infection rate of 73.8% [56] , Table 5 Number and percentage of ticks positive for different microorganism species according their regional distribution as well as in H. marginatum from Sardinia [39] and Sicily [47] in 64% and 20.8% of the examined specimens, respectively. Therefore, the detection of R. aeschlimannii in a single specimen may be due to the low number of H. marginatum specimens collected (n = 2). This pathogen was also found in H. lusitanicum from Sicily [57] . The pathogenicity of this bacterium to humans remains largely unknown, albeit the onset of MSF-like lesions has been suggested [58] . Surprisingly, Rickettsia conorii, the agent of MSF, was not detected in any of the Rhipicephalus spp. ticks examined in this study, probably due to the very low prevalence of the infection in nature [59] . Nonetheless, a recent study determined that several pathogenic Rickettsia spp. may be much more prevalent than R. conorii [60] . For example, R. massiliae was more prevalent than R. conorii (3.6% vs. 1.3%) in ticks removed from dogs in southern Italy [61] and a retrospective study of 24 human cases of spotted fever from Sicily confirmed infection by R. conorii subsp. israeliensis in five (20.8%) and R. conorii subsp. conorii in 19 (79.2%) cases, respectively [62] .
Undoubtedly, knowledge on the pathogenic role of rickettsial species increases with the availability of scientific data on their aetiology and distribution. Consequently, the pathogenicity of R. rhipicephali detected in Rh. turanicus from Sicily is yet to be determined. To the best of our knowledge, R. peacockii has been herein reported for the first time in Italy, and for the first time associated with D. marginatus, in Europe, as confirmed by the sequencing of three genes. This bacterium, originally found within the interstitial cells of the ovaries and oocytes of Dermacentor andersoni in the United States [63] , was previously correlated with a reduced prevalence of R. rickettsii infection, the agent of Rocky Mountain spotted fever [64] . Remarkably, the presence of R. peacockii or a very closely related rickettsia in Europe should be examined with caution. Indeed, although the high genetic similarity between the R. peacockii sequences obtained herein and other sequences available in Genbank, the existence of a closely related but different endosymbiont of ticks in Europe cannot be excluded.
Other members of the family Anaplasmataceae were prevalent in ticks herein examined, and therefore may represent a risk to humans throughout the country. For example, results of this study confirm the occurrence of C. N. mikurensis and A. phagocytophilum in I. ricinus from northeastern and northwestern Italy. Candidatus Neoehrlichia mikurensis is an obligate intracellular bacterium, isolated for the first time in rats (Rattus norvegicus) and in Ixodes ovatus ticks from Mikura Island, Japan [65] . However, a retrospective investigation of museum-archived I. ricinus female ticks, collected in Moldova in 1960, indicated that this pathogen has remained undetected for rather a long time [66] . Recently, C. N. mikurensis has been identified throughout Europe and has been suggested as a causative agent of disease, mainly in immune-compromised patients from Europe [67] and China [68] . Conversely, A. phagocytophilum causes granulocytic anaplasmosis in humans and domestic animals, although it may also infect wild animals (e.g., red deer, roe deer, rodents, and hedgehogs), which act as reservoir hosts [69] . Both C. N. mikurensis and A. phagocythophilum was detected in I. ricinus in Italy, with an overall infection rate in ticks of 10.5% and 1.6-19.9%, respectively [14, [70] [71] [72] . Therefore, results suggest that humans in Italy are most likely exposed to I. ricinus ticks infected by C. N. mikurensis and A. phagocytophilum by frequenting areas where this tick species occurs (e.g. forests, meadows, grasslands, etc.) [14] . Similarly, the risk for transmission of the aforementioned pathogens may also be high in urban parks [69, 73] , where I. ricinus may be brought in by birds [26] . In addition, the role of the Northern white-breasted hedgehog (Erinaceus romanicus), living in urban parks of central Europe (e.g., Hungary [74] ) should also be considered. Interestingly, these mammals may also serve as major maintenance hosts for Ixodes hexagonus [69] . Similarly, the European hedgehog (Erinaceus europeus) has been identified as reservoir host for B. burgdorferi s.l. genospecies, including B. afzelii [75] , here detected in I. ricinus from northern Italy.
Conclusions
Data presented here indicate that humans bitten by ticks in Italy are at risk of infection by different pathogens. The occurrence of co-infected ixodids both in nature and in ticks removed from humans indicates that more than one pathogen may be transmitted by the same tick specimen, which may complicate the clinical presentation in humans during multiple infections. Therefore, physicians should be aware of TBDs and of the possible occurrence of atypical clinical presentations, mainly in areas where more than one pathogen has been detected in ticks.
